Electron emissions in transfer ionization processes were studied for 75 keV u −1 He 2+ , and 80 keV u −1 Ne 8+ on He collisions, using the well-developed reaction microscope techniques. Momentum distributions in the scattering plane, doubly differential distributions as a function of longitudinal momentum and emission angles of the ejected electrons were obtained. An apparent enhancement of electrons distributed around the projectile in the scattering plane was found for the Ne 8+ incident case. Furthermore, we report the ratio of doubly differential distributions at the emission angle of 0°between these two transfer ionization processes, in which an abrupt rise is found at and above the electron capture to the continuum peak. This rise qualitatively agrees with the prediction within the framework of Dettmann's theory. We conclude that this kind of enhancement was caused by the charge state effect of the projectile.
In ion atom collisions, one of the most interesting features of electron emission is the cusp shaped peak in the forward direction, i.e., electron capture to the continuum state of the projectile (ECC), where electrons travel with the same velocity as that of the projectile. Since the first observation by Crooks and Rudd [1] , such a kinematic scenario has been extensively studied both experimentally and theoretically, which strongly enriched the comprehensive understanding of charge exchange and ionization and the link between them [2] [3] [4] [5] [6] , for example, Weber et al first measured the longitudinal momentum distribution of recoil ions in proton helium collision, and observed an abrupt rise resulting from ECC. This experimentally illustrates the link of electron capture from the capture to the bound states of the projectile to ECC [6] . Vajnai et al first observed the effects of ECC by measuring the doubly differential cross sections (DDCSs) as a function of the scattering angles of the projectile and the energies of the emitted electron [7] . Previous investigations of the detailed information about this characteristic feature were mainly summarized to the full width at half maximum (FWHM) and the shape of the cusp [8] [9] [10] [11] [12] . Subsequently, several controversies between the experimental results and the theoretical predictions were found [9, 13, 14] . This strongly motivated the relevant experimental studies. Compared to that in single ionization, the experimental results are rarely obtained for transfer ionization processes where charge exchange and ionization happened simultaneously. This is due to the limitation of the apparatus and coincidence detecting techniques [14, 15] . It was only recently that an astounding success of complete measurement techniques was realized based on the reaction microscope, which made the measurement of multi-fold even fully differential cross sections available [16, 17] . The impressive abilities of fragments-imaging fertilized the studies of mechanisms controlling the differential electron emissions, those include quasimolecular promotion, vortice and vortice-driven dynamics, and correlated electron emission etc in the transfer ionization processes [18] [19] [20] [21] .
Another practicable method to study the dependence of the cusp shaped peak on the projectile charge state is to make a ratio between the DDCSs of collisions involved with the same velocity and the different charge state for incident ions.
Bernardi et al found a sudden rise of the ratio at the position of the cusp shaped peak [22] . Later, Reinhold and Olson reproduced such a situation using classical trajectory Monte Carlo (CTMC) calculation, and concluded that a much stronger attraction by the projectile with higher charge can account for that [23] . Anyhow, it should be pointed out that the directly ionized and cusp shaped electrons in single ionization are not completely separated, thus the ratio cannot give unambiguous information of cusp shaped electron emission.
In this paper, we aim to revitalize the dependence of the cusp shaped electron emissions on projectile charge states and extend it to the transfer ionization processes. As candidates for such investigation, we chose He 2+ , and Ne 8+ -on He collisions. The projectile velocities are chosen to be almost the same in order to rule out the influences from the different velocities, simultaneously such a projectile velocity (∼1.7 a.u.) makes the ubiquity electron promotion from dynamical coupling less important. It was found that electrons distributed around the projectile are enhanced with the increase of projectile charge state, while the relative intensity of the ejected electrons around the target center is substantially reduced. Furthermore, an abrupt rise in the doubly differential ratio of the cusp between Ne 8+ -He collisions and He 2+ -He collisions was shown. This permits an illuminating insight into the dependence of cusp shaped electron yields on the projectile charge.
Experimental setup
We performed two experiments on 75 keV u −1 He 2+ and 80 keV u −1 Ne 8+ -He collisions using a reaction microscope, which was mounted on the 320 kV platform for multi-discipline research with highly charged ions at the Institute of Modern Physics in Lanzhou, China. A schematic picture of the experimental apparatus is shown in [24, 25] , the working principles of the reaction microscope have been described in detail in [26, 27] . In brief, the He 2+ , Ne 8+ ions produced in the 14.5 GHz electron cyclotron resonance ion source (ECR) are extracted, magnetically charge selected, and then accelerated to the desired energy. Before entering the collision chamber, the primary beam is collimated by two sets of slits typically smaller than 1 × 1 mm 2 , and the typical current is 200 pA. Several sets of electrostatic deflectors are installed in front of the collision zone to clean and steer the beam. The density of the gas target is of about 5 × 10 11 atoms/cm 2 under the driving pressure of 2 bars. The ion beam intersects with a supersonic helium gas jet at a right angle in the center of the time-offlight (TOF) spectrometer. The electrostatic fields of 2.8 V cm −1 and 1.8 V cm −1 of TOF spectrometer are used to extract the recoil ions and electrons from the collision area for Ne 8+ -He and He 2+ -He collisions respectively. The lengths of the accelerating tube and the drifting tube are 107.5 mm and 215 mm, which meet Wiley-McLaren time focusing [28] . Electrons are forced to move on spiral trajectories from the reaction volume to the detector by a homogeneous magnetic field (10 Gs). All the emitted electrons and ions are projected onto the two opposite position and time sensitive detectors. From the hitting positions and times, their initial vector momenta are reconstructed. The charge changed projectiles via electron capture are separated from the primary beam by an electrostatic deflector downstream of the collision center, detected by another position and time sensitive detector, while the primary beam is directed to a Faraday cup. The momentum resolution of the recoil ions and electrons for the spectrometer has been investigated in detail [29] . In our case, the resolutions of the parallel and the perpendicular components with respect to the electrostatic field of the TOF spectrometer are nearly 0.03 a.u. and 0.25 a.u. for the recoil momentum of 2 a.u.. The resolution of the perpendicular component of 1.75 a.u. is about 0.4 a.u., while the resolution of the parallel one is about 0 a.u., which is better than 0.02 a.u. for the electron momentum.
Here, the emitted electrons were measured in coincidence with recoil ions and scattered projectiles. The present reaction channel is described as follows. Atomic units are used throughout this paper unless otherwise stated.
Results and discussion
In figure 1 , we presents the doubly differential distribution of electron emitted in the scattering plane, which were obtained in 75 keV u −1 He 2+ -He and 80 keV u −1 Ne 8+ -He collisions via projecting the momenta of the emitted electrons onto the scattering plane. The state-of-art momentum projecting techniques have been well applied so as to explore the mechanisms of electron emissions [17, 19, 29, 30] . The scattering plane is defined by the initial momentum vector (z-axis) of the incident projectile and the transverse momentum vector of the recoil ion (x-axis). Figure 1(a) shows that electrons ejected in the He 2+ -He system dominantly distribute between the residual target ions and the projectile ions, prefer to emit along the motion of the recoil ions, and clearly the distribution is asymmetrical around the z-axis. The latter may be interpreted using the quasi-molecular promotion mechanisms, a systematical investigation of which will be given in a forthcoming paper. It is well known that the ejected electrons will be influenced simultaneously by a combined Coulomb potential from the recoil ions and the projectile ions, i.e., so called two center effects [31] . Qualitatively, this effect strongly depends on the projectile velocity and its charge state. For the extreme case of the high projectile velocity or the high projectile charge state, electrons would prefer to localize around target center or projectile center, respectively. Here, the projectile velocities are almost the same; we found that the electrons are sharply localized around the projectile for the case of Ne 8+ -He collisions, which is intuitively seen in figure 1(b) . Additionally, there are two weak arches circled around the projectile, which result from the auto-ionized decay of Ne 6+ (1s 2 3l3l') and Ne 6+ (1s 2 3l4l') doubly excited states formed via a double electron capture process. The corresponding energies are approximately 47 eV and 85 eV, which are consistent with the theoretical calculations [32] .
We present in figures 2(a) and (b) the doubly differential distributions about the reduced longitudinal momentum of the electrons at the emission angle of 0°for He 2+ and Ne peak is skewed towards the lower energies side, whereas electron emissions to the lower side are slightly suppressed for the case of Ne 8+ incident. The FWHM of the cusp peak is narrower for the Ne 8+ collisions with He, which suggests that the stronger attraction from the projectile leads to the more convergent cusp peak. Here, we aim to provide qualitative evidence that the cusp shaped electrons are strongly influenced by the projectile charge state other than the exact power law due to the limited energy resolution. Figure 3 shows the ratios between the doubly differential distributions for the Ne 8+ -He and He 2+ -He systems, plotted as a function of the normalized longitudinal momentum of the emitted electrons. The arrow in the longitudinal momentum of the electrons axis indicates the position where the electron velocity is equal to the projectile velocity. We plot the ratios for the electrons with emission angles smaller than 3°con-sidering the statistical errors. As known from the standard normalization procedures of DDCS, the values of DDCS are directly proportional to the differential counts measured. Therefore, the doubly differential ratio of DDCSs between these two systems would be equivalent to the ratio of doubly differential distributions multiplied with a constant. It is clearly seen that there is a rise of the ratio at the position where electron velocity equals to the projectile velocity. Bernardi et al [22] and Reinhold et al [23] studied the ratio between DDCS for He 2+ -He and p-He single ionization processes, in which the rise of the ratio was reproduced by classical trajectory Monte Caro methods. The behavior has been confirmed both experimentally and theoretically in single ionization, which indicated that enhancement of the ratio would become more pronounced with increasing projectile charge. Thus, we conclude that the rise of the ratio is the evidence of projectile charge state effects in present transfer ionization processes. Additionally, it is prominent that the ratio is very different for the longitudinal momentum of the electrons lower or higher than projectile velocity. The difference cannot be explained in terms of the multipole expansion [33, 34] , even in single ionization, because such an interpretation is limited to a very close neighborhood of the centroid of the cusp peak [23] . Classically, the competition of attraction to the residual target ion and to the projectile can explain the asymmetry of the cusp peak. As shown in figure 2 , the dependence of the doubly differential distribution on the longitudinal momentum distribution for different projectile charge Z p is different on either side of the cusp shaped peak. Apparently, the cusp peak is more symmetric for the case of the Ne 8+ projectile than that for the case of the He 2+ projectile. As the projectile charge state increases, the attraction from the projectile becomes stronger, therefore, the cusp peak will become less asymmetric, and correspondingly the ratio will be significantly different on both sides of the cusp peak. We come to the conclusion that such a rise of the doubly differential ratio at and beyond the position of the cusp peak is the consequence of the projectile charge state effect.
Conclusions
We performed an investigation of the cusp shaped electron emission on the projectile charge states for the transfer ionization in He 2+ and Ne 8+ on He collisions. By means of momentum imaging techniques, an intuitive picture of electron momentum distribution in the scattering plane was obtained, from which an enhancement of electron distribution around the projectile can be visualized with the increase of projectile charge Zp. Moreover, the doubly differential ratio of the doubly differential distributions for these two systems showed that an abrupt rise emerges around the position of the cusp peak, and the ratio shape is very different on both sides of the cusp position. The former agrees with the previous theoretical prediction, while the latter results from the important influence of the projectile charge state on the symmetry of the cusp peak when the charge states of the projectile are increased. Finally, we conclude that the projectile charge state has a great effect on the cusp shaped electron emissions for the transfer ionization process as well as the single ionization process. and 80 keV u −1 as a function of the electron longitudinal momentum scaled by the projectile velocity value at the fixed electron emission angle (as indicated). The vertical short line above the velocity axis indicates the position where the electron velocity equals to the projectile velocity (scaled to unit).
Acknowledgments

